In this laboratory study, the changes in gas-exposed perchloroethene (PCE) saturation in sand during a PCE removal process were measured using gaseous tracers. The flux of fresh air through a glass column packed with PCEcontaminated, partially water-saturated sand drove the removal of PCE from the column. During the removal of PCE, methane, n-pentane, difluoromethane and chloroform were used as the non-reactive, PCE-partitioning, water-partitioning, and PCE and water-partitioning tracers, respectively. N-pentane was used to detect the PCE fraction exposed to the mobile gas. At water saturation of 0.11, only 65% of the PCE was found to be exposed to the mobile gas prior to the removal of PCE, as calculated from the n-pentane retardation factor. More PCE than that detected by n-pentane was depleted from the column due to volatilization through the aqueous phase. However, the ratio of gas-exposed to total PCE decreased on the removal of PCE, implying gas-exposed PCE was preferentially removed by vaporization. These results suggest that the water-insoluble, PCE-partitioning tracer (n-pentane in this study), along with other tracers, can be used to investigate the changes in fluid (including nonaqueous phase liquid) saturation and the removal mechanism during the remediation process.
Introduction
In many nonaqueous phase liquid (NAPL)-contaminated sites that require remedial action, the evaluation of the extent and quantity of NAPL are of great importance for designing a feasible remediation process. Among these evaluation techniques, the use of chemical tracers is relatively new, but has been proven effective for measuring the quantity of NAPL, as well as the spatial distribution of NAPL in a contaminated area (Jin et al., 1995) . 42~52, 2011 et al., 1995 . A number of field applications of aqueous alcohol solutions as tracers have been reported (Nelson and Brusseau, 1996; Hunkeler et al., 1997; Annable et al., 1998(a) ; Annable et al., 1998(b) ; Young et al., 1999) . From analyzing the concentration profiles of these NAPL-partitioning tracers, the volume of NAPL can be estimated (Valocchi, 1985) . The use of a nonreactive tracer is essential for the applications of reactive tracers.
Flowing fluid may be in either an aqueous or gas phase, which means that the tracers are applied in either an aqueous or gas state. Water-insoluble gases, which are sufficiently inert not to partition into any of the physical compartments of the flowing domain, have been used as gaseous nonreactive tracers. Inert gases, such as helium and argon, are good candidates as gaseous nonreactive tracers (Whitley et al., 1999) . Methane has occasionally been used as a gaseous nonreactive tracer, as it can be easily detected by FID (flame ionization detector), a common GC detector . A gaseous tracer technique has also been used for detecting NAPL in soil (Whitely et al., 1999; Deeds et al., 1999; Mariner et al., 1999) . And the use of gaseous water-partitioning tracers has also been found to be feasible for measuring the degree of water saturation of water-unsaturated soils (Kim et al., 1999; Keller and Brusseau, 2003) .
Reactive gaseous tracer techniques have been further refined in recent studies. Gases and vapors, with different partitioning properties, were introduced to investigate the physical arrangement of fluids, as well as their volumes (Kim et al., 2007) . Gases or vapors, which partition only into NAPL and are insoluble in the aqueous phase, are used as partitioning tracers for measuring the gas-exposed NAPL saturation. Some gaseous chemicals that partition only into the aqueous phase, with sparing solubility into NAPL, can be used for determining water saturation. Vapors that partition into both the aqueous phase and NAPL can be used to detect total NAPL saturations.
The purpose of this study was to investigate the applicability of the gaseous reactive tracer technique for evaluating the volume changes of fluids, including NAPL (perchloroethene used in this study), during the removal of NAPL via vaporization/volatilization. The degree of NAPL depletion and the ratio of NAPL saturation exposed to the mobile gas phase compared to the total NAPL have been found to be correlated, and are of great interest in understanding the removal processes of sparingly watersoluble, volatile NAPL during gas-driven remediation techniques, such as SVE (soil vapor extraction).
Theoretical Background
The travel velocities of gaseous tracers under gas-flowing conditions in water-unsaturated soils are affected by the partitioning processes. The ratio of the travel velocity of the nonreactive tracer to that of a reactive tracer is known as the retardation factor (R t , dimensionless) (Eq. 1);
(1) where v t and v g are the linear velocities (cm/min) of the tracer and the gas phase, respectively, and and are the mean residence times (min) of the tracer in the medium and in the gas phase, respectively. The velocity (and thus the residence time) of the mobile gas phase is measured using a nonreactive tracer, the travel velocity of which is expected to be the same as that of the mobile gas (flowing domain).
Reactive tracers selected for fluid volume measurement travel in the mobile gas phase at slower velocities than the mobile gas due to partitioning into the stationary fluids, where no transport occurs. The magnitude of the retardation factor is a function of the volumetric saturation of the partitioning phases and the partitioning coefficients (Eq.
2) (Kim et al., 2007) :
where S w , S g , S na and S nw are the volumetric fluid saturations
-total fluid) of the aqueous phase, gas phase, and the NAPL exposed to the mobile gas, as well as that not exposed to the mobile gas, respectively, and K n is the partition coefficient (dimensionless) of a chemical (tracer) between the NAPL and gas phase (Eq. 3):
where C n and C g are the molar concentrations (mol/L) of the tracer in the NAPL and gas phases, respectively, and K H Henry's law constant (dimensionless)(Eq. 4): (4) where C w is the aqueous concentration (mol/L) of the tracer.
The value of S g can be obtained from the travel time ( ) of the nonreactive tracer and the flow rate of the mobile gas. Suppose the partitioning coefficients, K H and K n , of a tracer are known, the fluid saturations (S w , S na , S nw ) shown in Eq. 2 can be calculated using experimentally determined tracer retardation factors. Water partitioning tracers that do not partition into the NAPL (thus K n = 0) would have slower travel velocities than a nonreactive tracer due to the second term, S w /(K H S g ), in Eq. 2, resulting in a retardation factor larger than unity. Tracers that are water insoluble and NAPL soluble may partition into the NAPL exposed to the mobile gas. The retardation factors of these kinds of tracers can be used to estimate S na (Eq. 2), assuming S nw = 0. The saturation of NAPL separated from the mobile gas by the resident water can be measured using a tracer partitioned between the NAPL and aqueous phases, which would detect all of the NAPL (S na + S nw ), regardless the NAPL exposed to the mobile gas, by combining the results from the aforementioned NAPL-partitioning tracer.
The transport of a tracer is monitored by analyzing the tracer concentration over time at a location a finite distance from the tracer injection point. The mean residence time, of the tracer molecules can be calculated from the timeconcentration profile, called the breakthrough curve (BTC) (Valocchi, 1985) : (5) where is the normalized temporal first moment (min) of the tracer, which is equivalent to the mean residence time, C(t) the concentration (mol/cm 3 ) of the tracer, and t the time (min). The retardation factors of reactive tracers are calculated using the residence times of reactive and nonreactive tracers (Eq. 1). The gas saturation (S g ) is directly related to the residence time of a nonreactive tracer: (6) where is the residence time (min) of nonreactive tracer, q g the flow rate (cm 3 /min) of the mobile gas, and V T the total volume (cm 3 ) of the fluid domain.
Materials and Methods

Materials
Quartz sand, with a diameter range of 200 -500 µm, was used as the porous medium. Reagent grade perchloroethene (PCE), n-pentane, chloroform and difluoromethane (DFM) were supplied from Aldrich Chemical Co., and used as NAPL, the NAPL-partitioning tracer, NAPL and waterpartitioning tracer, and water-partitioning tracer, respectively. Methane (> 99.99%), provided by Aldrich Chemical Co., was used as the nonreactive tracer. Purified air was used as the mobile gas during the PCE removal experiments. Double distilled (DI) water was used throughout the experiments. The properties of the chemicals relevant to this study are listed in Table 1 .
Experimental Set-up
A schematic diagram of the experimental set-up used in this study is shown in Fig. 1 . The length and inner diameter of the sand column were 81.0 and 5.25 cm, respectively. Tracer experiments were conducted in a sequential manner, starting with methane. Upon completion of one experiment, the next tracer experiment was conducted. A compressed methane bottle was connected to the switching valve (v 1 in Fig. 1 ) and the loop filled with methane gas at ambient pressure. The methane experiment was started when the methane gas was introduced onto the column. The methane concentration in the column effluent gas was analyzed using the GC until the concentration dropped below the detection limit of the instrument. The same procedure was used for DFM. Since n-pentane and chloroform are liquids under ambient conditions, a small amount of liquid tracer (100 µL for n-pentane, 500 µL for chloroform) was introduced into the loop. The loop was plugged at both ends, and then placed in an oven at 50 o C for 30 minutes to allow vaporization. The loop was cooled before being reinstalled into the system. The tracer injection was continued for less than 4 minutes, which was considered sufficient to push all the gas or vapor onto the column.
Experiment II
The same dry column used in Experiment I was also used for Experiment II. The air supply was momentarily replaced with CO 2 , which was passed through the PCE-containing gas washing bottle to replace the air in the column with CO 2 . An aqueous solution, pre-saturated with PCE, was then introduced onto the CO 2 -filled column via the drain valve. The resident CO 2 was expected to enhance the watersaturation process due to its higher water solubility than air.
Flushing with water was continued until no gas pocket was observed, with the water in the column then drained from the drain valve.
Before the gas flush experiment, the mobile gas was switched back to air, with the flow of air onto the column set to pass through the gas washing bottles. A constant gas flow rate of 14.3 cm 3 /min was used throughout the experiment. When the gas flow rate had become constant, the gas washing bottle filled with PCE (flask 2 in Fig. 1) was bypassed, with the PCE removal experiment then started. The tracers were introduced onto the column in the same manner used in Experiment I. The time table for the tracer experiment is shown in Table 3 .
When the PCE concentration in the column gas effluent was below the detection limit of the GC, the gas flush 
Results and Discussion
Experiment I and the K n Values
Under dry conditions, with no water introduced into the sand column, the first temporal moment of methane was calculated from the BTC (Fig. 2) , and then converted to the lapse volume, 0.78 liters, which was the measured volume of the gas phase (Table 4 ). The total empty volume of the column was estimated to be about 0.80 liters, based on the mass of sand and total volume of the column. Considering the volume of PCE introduced onto the column, with a target saturation (S n ) of 0.03, this discrepancy can be explained by the volume of PCE (PCE saturation of 0.03 is equivalent to 0.024 liters). Thus, methane, used in this study as the nonreactive tracer, indeed behaved nonreactively with respect to the NAPL phase; no significant partition into PCE took place. The gas saturation (S g ) of the sand column was 0.98. Fig. 2 . BTCs of the tracers measured under dry conditions (Experiment I); normalized concentration -concentration normalized to the total area of the BTC so that the total area became unity; pore volume -cumulative lapse volume divided by the total volume of the gas phase. In order to use Eq. 2 for estimating the value of S n based on an R t value, the partitioning coefficient (K n ) should be known. The K n values for n-pentane and chloroform with respect to PCE were measured to be 197 and 721, respectively (Fig. 3) . The retardation factor of n-pentane was calculated to be 5.72, using manual integration of the n-pentane BTC (Fig. 2) . Assuming S w = 0 (no water present), S nw = 0 (all the PCE was considered to be exposed to the gas phase), and S g = 0.98, and using K n (197) and R t (5.72) values, the S n was calculated to be 0.024, which was equivalent to a PCE volume of 19.2 cm
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. The S n value calculated from the BTC of chloroform (R t = 17.7) was 0.023, which was slightly lower than that of n-pentane, but in good agreement with that of n-pentane. The target S n value was 0.03, which was calculated from the mass of PCE mixed with the sand prepared for column packing, which differed from the measured S n values by 0.006.
Vaporization of PCE during column packing was believed to be responsible for this mass loss.
The partitioning behavior of DFM into PCE was also investigated. Although DFM was selected as the waterpartitioning tracer, because it was expected to partition exclusively into the aqueous phase, the K n value was also estimated using the R t value (1.08) calculated from the BTC (Fig. 2) , and the S n (0.024) value measured using n-pentane.
Using Eq. 2, the K n value of DFM was estimated to be 3.2, which was significantly lower than those of other partitioning tracers. This small value; however, can not be ignored when the S w value is low compared to S n . Since the K n of DFM is similar (by factors) to the reciprocal of K H (0.505), PCE partitioning must be taken into account unless the S n value is significantly lower than S w .
Experiment II -PCE Removal
The methane BTCs measured during the PCE removal experiment are shown in Fig. 4 . Of the five measured BTCs, only three, which were measured at the beginning, middle and final stage of the PCE removal experiment, are shown in the figure. The BTCs were almost on top of each other, meaning that the volume of the gas phase remained unchanged during the PCE removal gas flush experiment.
The first temporal moments of methane, converted to the lapse volume by multiplying the time with the flow rate of the mobile gas, are shown in Table 4 . As shown in Fig. 4 , the first temporal moments were very close to each other, implying that the volume of the gas phase remained unchanged during the experiment. The mean gas volume was 0.70 liters. The difference between that measured for the dry column (Experiment I) and the mean gas volume of the wet column was 0.082 liters, which mostly represented the volume of water introduced onto the column for the experiment under wet conditions. The exact estimation of the water volume (or S w ) based on the first moments of methane was slightly more complicated due to the presence of PCE, the volume of which decreased over time during the removal process, which increased the volume of the gas phase. Thus, the exact PCE volume has to be known to calculate the water volume (or S w ) based on the first moments of methane. The water volumes and S w values calculated using PCE volumes and the first moments of methane are listed in Table 4 (removal of PCE will be discussed later).
The BTCs of DFM are shown in Fig. 5(a) . All the BTCs were fairly close to each other, meaning the water saturation was not significantly changed during the experiment. Using the R t values of DFM measured at the beginning, middle and final stage of the PCE removal process, the calculated S w values, ignoring the presence of PCE [thus, S n (= S na + S nw ) in Eq. 3 assumed 0], were 0.11, 0.10 and 0.077, respectively. With the PCE saturation taken into account, the S w became slightly lower (Table 5) . Because low water saturation was maintained in this study, S n can not be ignored when calculating S w using the retardation factors of DFM. However, the errors associated with the calculation of S w by neglecting S n would be much less significant with increasing S w values.
The S w values measured using DFM were slightly lower than those using the nonreactive tracer. The R t values of DFM were less than 1.3, with only 0.3 coming from the PCE partitioning and water partitioning processes, which was used to calculate S w . Thus, a small measurement error during the tracer test might result in an error in the calculated S w .
The BTCs of n-pentane measured during the PCE removal process are shown in Fig. 6 . It was very clear that n-pentane broke through the column faster as the PCE removal process progressed. The retardation factors calculated using the temporal first moments of n-pentane and methane are shown in Fig. 8(a) . Since the retardation factor of n-pentane is a direct function of the saturation of PCE exposed to the mobile gas, the S n measured using npentane at the beginning stage (injection lapse volume 0.5 liter, or lapse time 0.5 hour), divided by the S n measured under dry conditions, is the ratio of the gas-exposed PCE saturation (S na ) to the total PCE saturation. Using the S n (0.024) measured under dry conditions and S na (0.016) measured under wet conditions, 65.4% of the total PCE was found to be exposed to the mobile gas at the beginning of the removal process. This ratio of S na to S n might be of great interest when the target NAPL is water insoluble, with only gas-exposed NAPL subject to transfer to the mobile gas phase by vaporization during the gas-driven remediation (e.g., soil vapor extraction) of NAPL-contaminated soil.
The PCE concentration profile in the column effluent is shown in Fig. 7(a) . The PCE concentration was fairly consistent, between 140 -170 mg/L, which was close to the maximum concentration (170 mg/L) in the gas phase calculated from the vapor pressure of PCE at 25 o C ( Table   1 ). The PCE concentration suddenly dropped at a lapse volume of 180 L, where most of the PCE on the column was believed to have been depleted. The cumulative PCE removal profile (Fig. 7(b) ) gave almost a straight line until the PCE concentration dropped. With the removal of PCE, the retardation of n-pentane became smaller ( Fig. 8(a) ), as did the PCE mass and S na remaining on the column (Fig.   8(b) ), as calculated from the R t values of n-pentane. The ratio of gas-exposed PCE saturation to the total PCE saturation, S na /S n , calculated using data from Fig. 8(b) , is shown in Fig 8(c) . This ratio decreased with the removal of PCE. This observation explains that the gas-exposed PCE was preferentially removed compared to PCE, which was separated from the mobile gas by water. If the NAPL is water insoluble and/or has a very low Henry's law constant, unlike PCE, the removal of the NAPL would be limited to the initial S na , unless the water preventing the NAPL from contacting with the mobile air is disturbed, where the buried NAPL would become exposed. Since PCE has a moderate water solubility (151 mg/L) (Mackay and Shiu, 1981 ) and Henry's law constant (0.93), the PCE separated from the mobile gas would possibly be transferred to the mobile gas via dissolution and volatilization. However, the mass transfer rate due to vaporization (direct mass transfer from the NAPL to the gas phase) is generally known to be much faster than the dissolution-volatilization process. Thus, analyzing the S na /S n ratio might be very advantageous for investigating the removal mechanism of NAPL from waterunsaturated soils.
Chloroform was used at the final stage of the PCE removal process to measure the residual PCE. Based on the measured BTC (Fig. 5(b) ), the calculated R t was 2.10. Using this value and the S g value (0.11) measured using methane, the residual PCE mass was estimated to be 0.7 grams. The mass of residual PCE estimated from the initial mass of PCE (31.1 grams) under dry conditions and the total mass removed (30.3 grams) was 0.9 grams, which was in fair agreement with that measured using chloroform. The PCE mass extracted from the sand after the experiment was about 0.6 grams, which was close to that measured using chloroform.
Conclusions
This study showed that the use of the tracer (n-pentane used in this study), which partitions only into the gasexposed NAPL, when used with nonreactive and other reactive tracers, could provide critical information regarding the fluid arrangement in soils. For the column packed with partially water-saturated sand (water saturation 0.11), the ratio of gas-exposed PCE saturation to the total PCE saturation was measured during the PCE removal experiment, with the gas-exposed PCE found to be removed faster compared to the PCE isolated from the mobile gas by the aqueous phase. However, more PCE than that measured using n-pentane (that is the gas-exposed PCE) was removed from the column, implying volatilization, as well as vaporization, was also responsible for the mass depletion of PCE.
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